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Abstract 
Leveraging recent advances in microelectromechanical system (MEMS) fabrication technologies, 100 μm gap  
400 μm period electromagnetic undulators and 200 μm gap quadrupole optics have been successfully fabricated. Measurement 
of the electromagnet impedance closely matches simulations, corresponding to 0.135 T peak field on-axis in the undulator and 
1400 T/m field gradients in the quadrupole for the initially tested devices. These microfabricated undulators and quadrupoles 
are envisioned as insertion devices and focusing lattices for future compact light sources. 
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1. Introduction 
A technological gap exists between the μm-scale of laser-based wigglers and focusing systems and the mm-
scale of permanent magnet undulators and quadrupole beam optics. Undulators in this range enable access to the X-
Ray water window (λr = 2.34 – 4.44 nm) with medium energy (<200 MeV) electron beams and hard X-rays with 
sub-GeV beams. Because the magnetic field gradient in a quadrupole lens scales inversely with the gap between 
the pole tips, a sub-mm gap quadrupole enables multi-kT/m gradients and β < 10 cm focusing lattices that match 
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the size-scale of recent experimental accelerator and undulator technologies such as and Naranjo et al. (2012) and 
Plettner and Byer (2008).  
Surface-micromachining technology used to batch manufacture MEMS products such as accelerometers and 
switches can achieve μm-to-mm-scale features in variety of metals, semiconductors, and insulators with sub-μm 
precision. Recent work by Glickman et al. (2010) extended the reach of this technology to high-aspect-ratio 
inductors with magnet yoke thickness exceeding 10 μm, enabling the scaling of electron beam systems into this 
range. Undulators with 400 μm period length, 50 μm yoke thickness, and 100 μm gap and quadrupoles with  
200 μm gap, 400 μm gap, and 600 μm gap have been fabricated at the UCLA Nanoelectronics Research Facility 
and Integrated Systems Nanofabrication Cleanroom. Impedance measurement of the electromagnets closely 
matches simulation: 137 mΩ and 17 nH inductance for individual 25 μm gap undulator periods and 58 mΩ and  
30 nH for 600 μm gap quadrupoles. These electrical values indicate a peak undulator field of 0.135 T, quadrupole 
gradients exceeding 1400 T/m, and an electrical time constant less than 1 μs, enabling rapid low-duty cycle 
pulsing. While the gradient has not yet been confirmed by focusing an electron beam, it appears to compare 
favorably to the highest gradient quadrupole produced to date, 560 T/m demonstrated by Lim et al. (2005). 
Simulations indicate that a more aggressive design with a tapered yoke width, 100 μm yoke thickness, and a move 
from a NiFe to a CoNiFe magnet yoke should scale the peak field to 0.55 T for the 400 μm period undulator. 
2. Fabrication 
The fabrication process for these undulators and quadrupoles is a descendent of the UCLA magnetic switch 
developed by Glickman et al. (2011). This process was re-purposed for fabricating undulators by Harrison et al. 
(2012). The fabrication process, refined for improved reliability and used to fabricate these devices, is illustrated in 
Fig. 1 and discussed below. 
 
 
Fig. 1. Fabrication process overview for planar undulator (top left) and quadrupole (bottom left). 
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(1) The pattern for the bottom of the windings is photolithographically defined on a silicon wafer using a 5 μm 
thick high-aspect-ratio negative-tone photoresist (KMPR 1005, Microchem Corp., Newton, MA, USA) and a 
contact aligner (Karl Süss MA6, SÜSS MicroTec AG, Garching, Germany). Using this soft mask, 20 μm deep 
trenches are etched in the silicon wafer using the Bosch process with a deep reactive ion etcher (SLR-770, Plasma-
Therm, St Petersburg, FL, USA). The photoresist is removed in an organic photoresist stripper (ALEG-380, J.T. 
Baker, Phillipsburg, NJ, USA) and the wafer surface is cleaned in 5:1 sulfuric acid and hydrogen peroxide. 
A 500 nm thick silicon dioxide film is grown by wet thermal oxidation (Tystar Mini 3600, Tystar Corporation, 
Torrance, CA, USA) to electrically isolate the bottom windings from the silicon. An electroforming seed is 
deposited on the silicon dioxide by RF sputtering with 20 kV wafer bias (CVC 601, Consolidated Vacuum 
Corporation (was CVC, now VEECO), Plainview, New York, USA). Wafer bias is necessary for coverage over the 
20 μm wafer topology. The seed layer consists of 30 nm titanium to provide adhesion to the substrate and 300 nm 
copper to carry the electroplating current provide a compatible surface for electroplating copper. The seed layer is 
cleaned in 1% hydrofluoric acid and a 25 μm copper film is electroplated from a phosphorized copper anode in a 
sulfate based solution (Elevate Cu 6320, Technic Inc., Rhode Island, USA). The film is polished back down to the 
silicon surface (PM5, Logitech Ltd., Glasgow, Scotland) using a 100 nm aluminum oxide slurry (ALOX100, 
Universal Photonics, Hicksville, NY, USA), yielding the bottom of the electromagnet winding pattern. The wafer 
is cleaned of slurry with a dip in 1% hydrofluoric acid. Fig. 2 shows the result. 
 (2) An electroforming seed is deposited by sputtering on the surface of the silicon dioxide. The seed layer 
consists of 30 nm of titanium to provide adhesion to the substrate, 300 nm of copper to carry the electroplating 
current and provide a compatible surface for electroplating copper, and another 30 nm of titanium to provide 
adhesion between the metal and the electroplating mold. 
A 100 μm thick film of high sidewall-aspect-ratio negative-tone photoresist (KMPR 1025, Microchem Corp., 
Newton, MA, USA) is photolithographically patterned to define the geometry of the electromagnet winding 
interconnects. The exposed seed layer is etched back to copper in 1% hydrofluoric acid, and 75 μm thick copper is 
electroplated through the mold at 5 mA/cm2. The film stack is polished down using a 100 nm colloidal silica slurry 
in order to planarize the copper surface. The wafer is cleaned of slurry with a dip in 1% hydrofluoric acid. The 
mold is removed by plasma etching with an inductively coupled 4:1 O2:CF4 plasma (STS MESC Multiplex AOE, 
SPTS Technologies Limited, Newport, United Kingdom) using 600 W coil power and 50 W platen power. The 
electroplating seed is stripped with a sputter etch by increasing the platen power to 200 W. 
A 2 μm thick insulating layer of silicon nitride is deposited by inductively-coupled plasma enhanced chemical 
vapor deposition (STS MESC Multiplex CVD, SPTS Technologies Limited, Newport, United Kingdom) to isolate 
the bottom windings and interconnects from the conductive magnetic yoke. Fig. 3 shows the result. 
  
Fig. 2. (a) Planar 400 μm period undulator; (b) 200 μm gap quadrupole bottom winding metal after fabrication step (1). 
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 (3) An electroforming seed is deposited as described in step 2. A 100 μm thick film of KMPR 1025 photoresist 
is photolithographically patterned into the geometry of the magnet yoke. Between pouring the photoresist and 
spinning, the film is de-gassed in a vacuum oven at 30 Torr and 30 °C to remove bubbles. The exposed seed layer 
is etched to copper in 1 % hydrofluoric acid, and the magnetic alloy that forms the electromagnet yoke is 
electroplated through the mold using the process detailed by Glickman et al. (2011). The film stack is polished flat 
and the mold and electroplating seed are stripped as described in step 2. Fig. 4 shows the result. 
 (4) A 100 μm layer of photoresist (SU-8 2025, Microchem Corp., Newton, MA, USA) is used to provide a 
planar surface for defining the top layer of the coil windings. Between pouring the photoresist and spinning, the 
film is de-gassed in a vacuum oven at 30 Torr and 30 °C to remove bubbles. The photoresist is patterned using 
photolithography to define the winding interconnects and electron beam path. The film is polished flat before 
development using 100 nm colloidal silica slurry. The film is then annealed under vacuum for 8 hours at 200 °C. 
The silicon nitride covering the copper in the vias is etched with an inductively coupled C4F8 plasma (STS 
MESC Multiplex AOE, SPTS Technologies Limited, Newport, United Kingdom) to expose the bottom windings 
of the coil. Fig. 5 shows the result. 
  
Fig. 3. (a) Planar 400 μm period undulator; (b) 200 μm gap quadrupole vias after fabrication step (2). 
 
  
Fig. 4. (a) Planar 400 μm period undulator; (b) 200 μm gap quadrupole magnet yoke and pole tips after fabrication step (3). 
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 (5) Another electroforming seed layer is sputtered on the surface (CVC 601), and KMPR 1005 photoresist is 
patterned into the geometry of the top layer of the electromagnet coil windings. Copper is electroplated (Elevate 
Cu 6320) through the photo-patterned mold to complete the electromagnet coil windings. The mold and 
electroplating seed are stripped using the process described above, completing the undulator and quadrupole 
solenoids. Fig. 6 shows the result. Device testing under vacuum in an electron beam has shown that the SU8 
photoresist must be removed to prevent damage during operation. The SU8 is etched back using the plating mold 
stripping process described above.  
 (6) Holes are etched from the back of the substrate to the front, defining the quadrupole gap using a post-
process Bosch etch (Versaline Fast Deep Silicon Etch II, OC Oerlikon, Pfäffikon, Schwyz, Switzerland). The etch 
pattern is defined with KMPR 1005 on the back-side of the wafer and aligned to the front using a Karl Süss MA6.  
3. Measurement 
Because of a lack of commercial gaussmeter probes on the sub-100 μm scale, impedance analysis of the 
undulator and quadrupole impedance is correlated with finite element method magnetostatic simulations using 
COMSOL Multiphysics to determine the magnetic field produced by the electromagnets.  
  
Fig. 5. (a) Planar 400 μm period undulator; (b) 200 μm gap quadrupoles structure after fabrication step (4). 
 
  
Fig 6. (a) End of planar 400 μm period undulator; (b) 400 μm gap quadrupole electromagnets after fabrication step (5). 
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3.1. Electrical characterization 
The impedance of each quadrupole electromagnet and undulator period electromagnet is measured using an 
Agilent Precision Impedance Analyzer (4294A, Agilent Technologies, Westlake Village, CA, USA) with a set of 
tungsten coaxial probes (740CJ, American Probe Technologies, San Jose, CA, USA) in a four-terminal pair 
configuration prior to singulating the quadrupoles and undulators from the silicon wafer. The impedance analyzer 
can resolve no less than 1 mΩ resistance and 1 mΩ reactance, so proper shielding and calibration of the probes is 
required to take legitimate measurements. Each period in the undulators designed for use with an electron beam are 
connected in series, so individual electrical Undulator measurements were taken from single period test structures 
with 25 μm gaps for matching with simulations. 
3D Magnetostatic simulations of the quadrupoles and undulators were performed using the finite element 
method in COMSOL Multiphysics with 2 A (320 kA/cm2) undulator drive current and 5 A (200 kA/cm^2) 
quadrupole drive current. The static field and field gradient were recorded, and the inductance was calculated from 
the total magnetostatic energy of the system using the formula    . Table 1 lists the electrical 
measurement, simulation results, and implied peak magnetic field in the device. 
 
Table 1. Undulator and quadrupole electromagnet impedance measurements and simulations 
 Measurement Simulation Implied field /  
Field gradient 
λu = 400 μm 25 μm gap undulator  137±1.0 mΩ 
17.0±2.0 nH 
139 mΩ 
17.7 nH 
0.690 T 
600 μm gap quadrupole  58.2±1.2 mΩ 
30.4±1.9 nH 
71 mΩ 
32.2 nH 
1400 T/m 
3.2. Focusing/Steering testing with 32 keV beam 
The goal of the low-energy beam test was to provide initial data on the response of the electron beam to the 
dipole and quadrupoles field. By powering two sets of the electromagnets in the same directions, dipole fields 
would be created to demonstrate steering and measure the integrated field down the axis. By powering all 
electromagnet windings in opposing directions, a quadrupole field would be created to demonstrate beam focusing. 
The tests were planned with an obvious flaw – the lack of a heat-sink attached to the device. We anticipated the 
failure, but expected some focusing before the heating ruptured the structural polymer in the device (SU-8). 
The early versions of the devices were tested using a 32 keV DC gun setup in the Particle Beam Physics Lab at 
UCLA. Holes were deep reactive ion etched in the individual dipoles and quadrupoles, and the device dies were 
mounted on PCB boards and wire-bonded to provided contacts for 2-port coil energizing. A 25 keV electron beam 
was directed through the hole and the coil was energized. 
The early devices had much higher resistance than designed (20 Ω rather than 0.1 Ω), leading to substantial 
Ohmic heating. This lead to rapid expansion of the SU-8 structural polymer (52 ppm/°C) and permanent open 
circuits in the quadruple and dipole windings. This initial test failed, but led to the incorporation of an SU8 etch-
back process step in the fabrication process subsequent to the completion of the coil. Beam testing with the new 
devices is anticipated in the near future. 
4. Future work 
These microfabricated undulators and quadrupoles are envisioned as insertion devices and focusing lattices for 
future compact light sources. Toward this end, the 400 μm and 600 μm gap quadrupole magnets have been 
designed to complement the accelerator technology being developed by the GALAXIE project, a realization of 
Naranjo et al.’s (2012) harmonic-focusing high-gradient accelerator. 
Short period undulators have been designed to enable the production of high-brightness, high-energy light from 
low to moderate energy beams and fabrication process development of these devices is completed. An experiment 
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is being set up in the Photoelectron Generated Amplified Spontaneous Radiation Source laboratory (PEGASUS) at 
UCLA to send an ultra-low emittance 12 MeV electron beam through a 100 μm gap 400 μm period undulator to 
investigate bunching of the beam and detect the 431 nm light produced by the undulator. A new fabrication run to 
build 50-period undulator device prototypes is planned. 
Further work will involve engineering the quadrupoles and undulator for integration into larger systems. Field 
uniformity maps will be necessary for maintain beam quality through the system. To accomplish this, a micro-
scale magnetic probe instrument is being developed using proton resonance of water in a capillary micro-coil. 
While we have demonstrated yoke thickness up to 100 μm, thicker films are necessary to reduce magnetic flux 
leakage in the undulator and provide greater magnetic length for the quadrupoles. Achieving mm-scale magnetic 
length for the quadrupole and 200 μm yoke thickness for the undulator along with dynamic field diagnostic and 
tuning strategies would enable a new class of performance in manipulating electron beams in the size scale 
between 100 μm and 1 mm. 
4.1. Magnetic characterization 
Nuclear magnetic resonance (NMR) frequency can provide a clear measurement of the local magnetic field. The 
frequency associated with protons transitioning between spin states in a magnetic field is 42.57 MHz / Tesla. Using 
NMR, absolute field and field gradient can be measured across a volume. A convenient source of protons and the 
RF stimulation and measurement is water molecules drawn into a capillary tube and a RF coil etched around the 
tube circumference. To accomplish this, we have metallized 10 μm of copper on 100 μm OD 80 μm ID quartz 
capillary tubes and had coils milled on an ultraviolet laser lather (Laserod, Torrance, CA, USA). 
Because there is a limited number of protons in the bore of a micro-coil and only a small fraction of the protons 
relax from an excited state for each measurement, there must be sufficient signal to overcome the noise in the 
measurement circuit. The signal-to-noise ratio of the proton relaxation measurement in a micro-coil is proportional 
to     , where n is the number of nuclear spins, B is the magnetic field, t is the 
observation time, kb is the Boltzmann constant, R is the coil resistance, T is the temperature, and Δf is the 
frequency bandwidth. Experimental results presented by Peck et al. (1995) indicate that a SNR exceeding 5000 
will be achievable for this measurement at room temperature with a 1 T field, 1 s integration time, and 1 kHz 
measurement bandwidth at room temperature.  
4.2. Medium energy beam testing with PEGASUS 
A medium-energy experiment is being set up on the ultra-low emittance 12 MeV PEGASUS beamline to 
characterize the quadrupole and undulator performance at saturated power. After passing the electron beam 
through the undulators and quadrupoles, the beam and undulator radiation will be measured. This experiment will 
demonstrate the feasibility of both surface micromachined undulators and focusing optics in a medium-energy 
beam. Presently, only a single period undulator has been tested electrically.  
The experimental setup consists of the undulator and quadrupoles held in place on a copper block with water-
cooling channels in a vacuum chamber attached to the PEGASUS beamline. The cooling block itself is attached to 
a precision 4-axis optical mount (x-axis, y-axis, pitch and yaw). The 4-axis adjustments are computer controlled by 
  
Fig. 7. (a) Illustration of NMR-based magnetic field characterization; (b) NMR probe fabricated with a metallized capillary on a UV laser lathe 
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0.05 μm precision 0.2 μm repeatable in-vacuum servo-actuators (Z812V, Thorlabs, Newton, NJ, USA) for 
repeatable alignment with the ultra-low-emittance beamline. This experiment setup is shown in Fig. 8. 
 
Fig. 8. Annotated experiment chamber attached at the end of the PEGASUS beamline. 
5. Conclusion 
Surface micromachining has been used to produce 400 μm period undulators and 200 μm – 600 μm gap 
quadrupoles. Characterization is ongoing, but impedance measurements indicate that 0.135 T peak fields are 
produced in the undulators and kT/m-scale gradients are produced in the quadrupoles. Beam experiments are 
underway with the PEGASUS beamline and the PBPL 100 keV DC gun, and progress is being made toward 
engineering and manufacturing these devices for integrability into future advanced light source systems. 
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